We present the results of a 3-D computational model of an idealized seamount in rotating, stratified flow. The emergent vortex structures in the lee of the seamount indicate that the vertical coherence of vortices is strongly dependent on the Coriolis parameter and the background buoyancy frequency. A novel finding from this work is that above a critical Burger number the vortex shedding frequency varies vertically with the local seamount diameter and adjusts such that the Strouhal number based on the local seamount diameter is consistent with high Reynolds number flow past a circular cylinder. This study extends previous literature into a regime exhibiting stronger stratification and rotation, where the transition into vertically decoupled eddies occurs. Physically, this transition is associated with the loss of geostrophy in the eddies. The mechanisms governing the transition to vertically decoupled vortices may play an important role in the energetics of a seamount interacting with a barotropic flow.
Introduction

Seamouts
Seamounts are an ubiquitous feature of Earth's oceans; it is estimated that there exist over 100,000 seamounts exceeding 1 km in height (Wessel et al., 2010) . Theoretical scalings, field measurements, and model simulations demonstrate that seamounts play a significant role in ocean energetics (e.g., Melet et al., 2013; Nikurashin & Ferrari, 2011) . Seamounts are associated with the generation of internal gravity waves, which may either propagate long distances before breaking or dissipate locally and contribute to enhanced diapycnal diffusivity near seamounts (Alford et al., 2015; Carter et al., 2006; Grisouard & Staquet, 2010; Kunze, 2003; Lamb, 2014; Simmons et al., 2004) . Highly localized patches of intense diapycnal diffusivity appear to be the key to resolving the apparent paradox of missing vertical mixing identified by Munk (1966) and so correctly identifying the causes and locations of these patches is of great importance for global ocean models. A long-standing hypothesis with unknown origination (e.g., Munk & Wunsch, 1998) proposes that seamounts are the stirring rods of the ocean, which implies that the hydrodynamic wakes of seamounts might, along with internal wave generation, form a significant contribution to the role of seamounts in the ocean mixing balance. The current state of the literature has been unable to satisfactorily address this hypothesis, although there has been a recent surge in interest in this topic. Through observations and numerical simulations, island wakes have been shown to be energetic and with mesoscale vortex shedding Tomczak, 1988) , but these studies do not account for the three dimensionality in the vortex structures that has been observed in the vicinity of seamounts (Chen et al., 2015) and sloping headlands (Callendar et al., 2011; Canals et al., 2009; McCabe et al., 2006) .
Hydrodynamic simulations of seamounts with realistic topography have demonstrated the ability to reproduce observed flow patterns at topography such as Fieberling Guyot (Beckmann & Haidvogel, 1997) , Cato Island (Coutis & Middleton, 2002) , and Madeira Archipelago (Caldeira & Sangrà, 2012 ), but confounding (Bauer et al., 2000; Caldeira & Sangrà, 2012; Castro et al., 1990; Freeland, 1994; Hunt & Snyder, 1980; Richards et al., 1992; Schär & Durran, 1997; Vosper et al., 1999) , as well as the parameter spaces that might be observed in the ocean, atmosphere, and laboratory. Studies where the mountain dynamics are based on linear theory have not been plotted.
factors, such as complex density and current profiles, and irregular mountain shape have prevented these simulations from identifying the underlying mechanisms that produce the wake. Additionally, the presence of strong nonlinearities in these systems have resisted attempts to replicate observed currents near seamounts using analytical models (Brink, 1989 (Brink, , 1990 . Individual seamounts cannot be resolved in Global Climate Models (Chen et al., 2013; Delworth et al., 2016) , and so it is necessary to understand and parameterize the mechanisms controlling the wake structure and energetics rather than relying on the model to resolve them.
The Idealized Mountain
Even though hydrodynamic simulations of realistic seamounts are important tools for the analysis of field observations, here the focus is to determine the physical mechanisms associated with seamount wakes, which are better tracked through idealized simulations. The range of seamount heights being considered are such that the dynamics will be strongly nonlinear and outside the range of applicability of many thorough analytical models (Baines, 1995; Bell, 1975; Drazin, 1961) . The geophysical application suggests that the wake structure will be governed, at least in part, by a Froude number and a Rossby number defined as
where U is a characteristic velocity, H is the seamount height, D is a characteristic seamount width, N is the Brunt-Väisälä frequency, and f is the Coriolis parameter.
Figure 1 provides a brief overview of literature involving flow past mountains, both in the atmosphere and in the oceans, organized by the range of Rossby and Froude numbers that were considered. Canals et al. (2009) , in a study of tilted vortices in the wake of a sloping headland, motivate the need for a systematic study of hydrodynamic wakes in this parameter space. A significant number of studies with strong stratification did not consider rotation because they focused on terrestrial mountains, for which rotation is considered a secondary effect. However, the results are still relevant for the case of flow past seamounts. The case of strong stratification and strong rotation (i.e., small Froude number and small Rossby number) is noticeably unpopulated, in part due to the challenges of achieving these conditions in a laboratory setting. This regime is also well outside of the dynamics observed in the atmosphere, though a potentially important one for the oceans, particularly in locations such as the Drake Passage.
Model Description and Methods
Idealized simulations were conducted using the Regional Ocean Modeling System (ROMS; Shchepetkin & McWilliams, 2005) . ROMS is a free-surface, three-dimensional modeling framework that solves the primitive equations, with the hydrostatic and Boussinesq approximations. An axisymmetric 3,500-m Gaussian mountain with a full width at half maximum (FWHM) of 16.6 km is located within a prismatic domain. The domain is 180 km in the streamwise direction, 120 km in the cross stream direction, and 5,000 m deep (see Figure 2 ). The horizontal grid spacing is 1/3 km, and the model has 80 vertical terrain-following coordinates. The vertical grid stretching function is optimized for increased resolution near the bottom and middle of the water column, where the vortex shedding exists. The seamount is subjected to a uniform eastward flow U = 0.1 m/s, and the stratification is linear, producing a uniform background Brunt-Väisälä frequency N. An f -plane rotation term with magnitude f is included. Open-type boundary conditions are used, which are designed to radiate disturbances out of the domain with minimal reflection. The free surface is governed by a geostrophic balance in order to maintain the uniform eastward flow. No other atmospheric or boundary forcing was considered.
In the model setup (see Figure 2) 
. The ratio of seamount height to ocean depth has been demonstrated to be an important parameter as well (Boyer & Chen, 1987) , particularly for the internal wave and rotationally dominated regimes, but variation in this parameter will be neglected for this study. In general, the Rossby number will vary with the seamount diameter and therefore be depth dependent, but these variations are considered to be secondary with respect to the first-order dynamics. For a sufficiently high Reynolds number, the wake dynamics of the flow, measured as St ′ , will be determined by Fr and Ro. to 10 −4 s −1 . Each simulation was run for approximately 80 days after an initial startup period, allowing the model to achieve a pseudoperiodic state. The run time was chosen such that at least eight Strouhal periods were captured. The model uses a k − closure scheme and a quadratic drag law with a constant drag coefficient of 2 × 10 −3 . Model runs with a free slip bottom boundary condition still produced vortex shedding by baroclinic mechanisms, but the vortices tended to be weaker and less coherent. Sensitivity studies were conducted by varying the grid size, bottom drag coefficient, and horizontal viscosity formulation (harmonic and biharmonic) and magnitude. Results indicate that qualitative shedding patterns and primary-order energetics are relatively insensitive to grid spacing and bottom drag coefficient. A nominal horizontal fluid kinematic viscosity was used in order to obtain model stability. Using the criteria established by , the effective Reynolds number (based on the seamount FWHM) was approximately 2,000.
The Strouhal number is computed from an ensemble of time series of relative vorticity in the vertical direction. For each group of points at the same vertical level, the spectral density estimations of each time series are summed and then the peak frequency (after excluding harmonics) is reported as the frequency of eddy shedding. 
Vertical Vortex Structure
When subjected to uniform flow, the seamount produces a hydrodynamic wake. In most cases, the wake takes the form of coherent vortices, as illustrated in Figure 3 . In the limiting case of large Fr and large Ro (i.e., tending toward nonrotating, unstratified flow), the wake exhibits 3-D turbulence, which prevents the formation of coherent vertically oriented vortices (Barkley & Henderson, 1996) . This type of wake structure will not be discussed, in favor of the larger vortex structures that form in rotating, stratified flow. While the wake 10.1029/2018GL078703 structure may bear some resemblance to previous stratified wake studies (e.g., Billant & Chomaz, 2001; Lilly, 1983; Spedding, 1997) , the additional effect of rotation produces a fundamentally different scaling behavior, which is discussed in section 4.
The vertical structure of the vortices may be categorized into two regimes, separated by a small transitional regime. The first regime (shown in the top plot of Figure 3 and characterized by weak stratification and strong rotation) exhibits vortex lines that are vertical or slightly tilted, extending from the bottom boundary layer up to the level of the seamount summit. Vortices are shed in a vertically uniform manner, resulting in a uniform shedding frequency at all elevations on the seamount. The Strouhal number, based on the local seamount diameter, therefore varies significantly over the height of the seamount. The vortex lines produced by this shedding are not Taylor columns because they do not necessarily extend beyond the seamount summit, with the distinction of being controlled by the ratio of seamount height to water depth (Boyer & Chen, 1987) . These structures are consistent with the results of the laboratory experiments in Figure 1 (Castro et al., 1990; Hunt & Snyder, 1980) .
In the second regime, characterized by strong stratification and weak rotation, vortices become decoupled in the vertical direction (see Figure 3c ). That is, rather than each vortex shedding as a vertical unit, each seamount elevation sheds vortices independently. The shedding frequency varies strongly with depth, with the bottom of the seamount shedding at roughly an 8-day period, and the seamount summit shedding at 3-to 4-day intervals. Vortex lines may have significant vertical extent, but as suggested by Canals et al. (2009) , the sloping seamount flank causes them to become strongly tilted with successive shedding periods, ultimately breaking down. The strongly time-dependent nature of this process resists a vertical length scale for the decoupled vortices, though it is clear that the effect of rotation allows their vertical extent to exceed the Fr = 1 scaling seen in systems with only stratification (Billant & Chomaz, 2001; Lilly, 1983) .
The bottom plot of Figure 3 gives insight into the distribution of shedding frequency; the vertical decoupling of eddies works to preserve a relatively constant Strouhal number. This Strouhal number matches the behavior observed for high Reynolds number flow past a circular cylinder (Zdravkovich, 1997) . Therefore, averaged over the length of the simulation, each vertical level acts somewhat independently, almost as a two-dimensional plane. The type of vortex shedding produced in this regime has not been reported in literature, although Figure 1 suggests that this may be due to the regime lying outside of the parameter space that has previously been investigated.
A transitional regime, indicated in Figure 3b , separates the two shedding behaviors. Rather than varying continuously, the shedding frequency exhibits a small, finite number of jumps, separated by regions of uniformity.
In the following section, we will discuss the mechanisms responsible for the transition from a vertically varying to a vertically uniform Strouhal number.
Discussion
Vertically decoupled vortices have not been reported for flow past three-dimensional obstacles in stratified flow. The parameter range in which this behavior exists is relatively unexplored and difficult to achieve in a laboratory setting (Vosper et al., 1999) . Experiments have typically been limited to a small, finite number of inertial periods (Codiga, 1993) , corresponding to few Strouhal periods. This may not be a long enough time for the vortex tilting to produce truly decoupled vortices, as startup effects in the simulations often produced several shedding periods of vertically uniform shedding before the vortices began to decouple.
The 35 simulations that were carried out have been plotted in the rotation-stratification parameter space in Figure 4 . The decoupled shedding regime is characterized by weak rotation and strong stratification (high Ro and low Fr), and the coupled shedding regime exists where rotation is strong and stratification is weak (low Ro and high Fr). A proposed mechanism to predict vertically decoupled vortices is in terms of a critical
Burger number, where the Burger number is defined by Bu ≡
The transitional regime appears to lie in the range, 5.5 < Bu crit < 12.
The Burger number is understood to have dynamical importance in distinguishing barotropic and baroclinic dynamics, where a larger Burger number is associated with barotropic flow (e.g., stronger stratification discourages the perturbation of isopycnals; Boutov et al., 2010) . Another interpretation of this finding is that the Burger number scales as
where R d is the first baroclinic Rossby radius of deformation, defined as Gill, 1982) . Here H is the water depth for a uniformly stratified ocean. Dritschel and De La Torre Juârez (1996) suggest that the appropriate vertical length scale is the vertical extent of the eddies, which would mean that the controlling parameter would be
For the simulations conducted here,
is held constant and it is of order 1, so we are not able to distinguish between the cases described by equations (3) and (4). However, our convergence tests suggest that equation (4) is the appropriate scaling, in line with Dritschel and De La Torre Juârez (1996) . The critical Burger number is achieved when R d surpasses the horizontal length scale of the seamount. If the horizontal length scale is taken to be D∕2 to correspond to the deformation radius, then the critical Burger number is predicted to be
The critical Burger number predicted from equation (5) is somewhat smaller than the transitional Burger number identified in equation (2) from the simulations conducted here, but it is likely influenced by a number of factors. The predicted Bu crit is based on Gill's definition of L R , and its comparison to the seamount radius (which is related to the vortex radius); other analyses have compared L R to the vortex diameter (Dritschel et al., 1999) and used a definition for L R that differs by a factor of π Stegner & Dritschel, 2000) . The predicted critical Burger number is therefore sensitive to different interpretations of L R and the choice of horizontal length scale. Secondary effects include the Gaussian shape of the seamount and the influence of the bottom boundary layer. Higher-mode baroclinic Rossby numbers may also play a role in the transition process, but the transition onset appears to be dictated by the first mode. The Burger number associated with the nth baroclinic Rossby radius scales as n 2 , and so leading-order influence of the second mode would imply a wider range of critical Burger number than is observed. Dritschel et al. (1999) , in a numerical study of idealized vortices in rotating, stratified flow, report a shift in vortex dynamics at around Bu = 4. The vortices were found to be subject to the tall column instability at large Bu, causing the breakdown of 2-D dynamics.
Previous studies have shown that the horizontal extent of eddies in rotating, stratified flow scales with the minimum of R d and D and that behavior is also observed in the present study Stegner & Dritschel, 2000) . When R d < D, the eddies are driven by a geostrophic balance and the dynamics are characterized by baroclinic flow (Boutov et al., 2010) . Conversely, when D < R d , the eddies lose geostrophic balance and behave in a manner more consistent with a classical barotropic wake. The horizontal extent of the eddies now scales with the local diameter of the seamount, and the shedding frequency is characterized by a constant Strouhal number.
Conclusions
We have documented a novel vortex shedding regime for rotating, stratified flow past a seamount using a ROMS model. In this regime, coherent vortices form and advect in a manner such that the different vertical levels do not affect one another. The transition from geostrophic, vertically coupled coherent vortices to an ageostrophic, uncoupled regime is well predicted by a critical Burger number. The physical interpretation of this finding is that when the baroclinic deformation radius exceeds the horizontal extent of the seamount, the flow tends to become barotropic, which permits a more classical 2-D wake structure to form. Once the eddies are not constrained by rotational effects, the shedding frequency adjusts to produce a constant Strouhal number at all depths.
The vertically decoupled shedding regime may have important implications for the energetics of seamount interaction with currents, because the visually remarkable transition is accompanied by changes in the underlying dynamics from geostrophic to ageostrophic motion. Furthermore, and Stegner and Dritschel (2000) suggest that an important transition in the 2-D stability and energetics of nearly geostrophic vortices is associated with Bu Ro rather than Bu. A detailed energy analysis of the vertically decoupled vortex shedding mode may provide insight into the relative energetic importance of the decoupling versus the loss of 2-D stability.
